Background: Many women of reproductive age are employed in industries involving exposure to organic solvents. Animal toxicological studies and human case reports demonstrate that high exposure to solvents causes neurodevelopmental toxicity in exposed offspring. Data from occupationally exposed women and their children are few.
Objective: To compare the cognitive, language, and motor performance and the behavioral achievements of children whose mothers were exposed occupationally to organic solvents during pregnancy with those of a matched unexposed control group.
Participants: Thirty-two pregnant women occupationally exposed to organic solvents were recruited during pregnancy and followed up. Their offspring (age range, 3-9 years) were tested for cognitive functioning (IQ), language, visual-motor functioning, and behavioral functioning and were compared with a matched unexposed control group that was recruited and tested in a similar manner. Examiners were blinded to the exposure status.
Results: Mothers occupationally exposed to organic solvents did not differ significantly from matched controls in demographic variables. After controlling for potential confounding because of maternal IQ and maternal education, children exposed in utero to organic solvents obtained lower scores on subtests of intellectual, language, motor, and neurobehavioral functioning.
Conclusions:
In utero exposure to organic solvents is associated with poorer performance on some specific subtle measures of neurocognitive function, language, and behavior. Reducing exposure in pregnancy is merited until more refined risk assessment is possible. Further studies that address exposure to specific solvents, dose, and gestational timing of exposure are needed. Med. 2004; 158:956-961 O RGANIC SOLVENTS ARE one of the most prevalent sources of workplace chemical exposure reported by pregnant women, 1, 2 and data regarding the potential neurodevelopmental toxicity of this common exposure are few. The acute central nervous system toxicity is well described, and there are case reports of exposed mothers who abused solvents during pregnancy ("sniffers") and delivered infants with developmental delay or birth defects. 3 In addition, animal toxicological studies demonstrate that high exposures to solvents such as toluene in pregnant rodents can impair neurobehavioral development in their offspring. 4 Less clear is the effect of long-term lower-level exposures encountered by pregnant women in occupational settings. There are myriad types of organic solvents, but they share chemical properties of high volatility and high vapor pressure, which pose an inhalation exposure risk, and they are lipid soluble and can easily penetrate the skin. Workplace environments where solvents are used include manufacturing and industry jobs involving painting and plastic adhesives, nail salons, dry-cleaning operations, and medical laboratories.
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One previous published epidemiological study 5 of occupationally exposed pregnant women looked at neurocognitive functioning in children between the ages of 3 and 4 years whose mothers were exposed to 1 of several types of organic solvents at some time during pregnancy. Using only the McCarthy scales, the results indicated no significant cognitive differences between the exposed and unexposed groups. The present study was designed to evaluate a comprehensive set of neurodevelopmental outcomes in children born to women with occupational exposure to solvents in pregnancy, compared with a group of children whose mothers did not experience this exposure.
METHODS

STUDY SUBJECTS
The study subjects were selected from children of mothers who were counseled through the Motherisk Program from 1989 to 1998. The Motherisk Program is an information and counseling service for women and their health professionals on the risk of drugs, chemicals, radiation, and infection during pregnancy and lactation. During the study period, the Motherisk Program counseled more than 200000 mothers. Women exposed occupationally to organic solvents were invited during the index pregnancy to participate in a follow-up study. They were eligible if their exposure included at least 8 weeks of pregnancy and commenced in the first trimester, although we expected that most of the women would have longer exposures because of the occupational nature of this exposure. None of the women or control subjects were exposed to lead or mercury at work or at home. In addition, they had to have answered negatively to questions regarding exposure to alcohol, drugs of abuse, teratogenic drugs, and heavy occupational lifting during their pregnancy. They were not included if they had been recruited to participate in a similar study, if child abuse issues were reported, or if they failed to show for scheduled visits, despite attempts at repeated scheduling.
The eligible and available exposed mothers were matched to control mothers identified from those who were counseled by the Motherisk Program regarding nonteratogenic exposures (eg, acetaminophen and dental x-rays). A control mother was selected for each exposed mother based on similarity to the exposed mother in terms of maternal age (within 5 years), child age (within 8 months), child sex, socioeconomic status (divided into 7 categories in $10 000 increments of annual family income), and reported cigarette use during pregnancy.
EXPOSURE ASSESSMENT
Details about the organic solvent exposure were recorded once prenatally and twice postnatally. The initial information was obtained during pregnancy, at the time of the mother's first contact with the Motherisk Program. This information was confirmed when the study coordinator (D.K.-K.) contacted these mothers to discuss continued participation in the study. The physician (R.H. or E.K.) obtained a second confirmation of exposure details at the time of the assessment. The recorded information included specific type of organic solvents involved in the exposure, type of occupational setting, duration of exposure in pregnancy, any adverse symptoms, type of protective gear used, and other safety features, including ventilation fans in the work environment.
OUTCOME ASSESSMENT
Each child and mother (study subjects and controls) were administered an age-appropriate battery of neurodevelopmental and cognitive functioning tests. In addition, each mother completed 2 questionnaires that assessed behavioral functioning in her child. Following the assessment, each mother was mailed a research summary report of the results of the assessment. Appropriate referrals were made if problems became evident during the assessment. Because, to our knowledge, this is the first comprehensive study on organic solvents, a wide range of tests was applied that aimed at capturing potential effects on different neurodevelopmental domains of cognitive and motor functioning, language, and behavior.
Children's cognitive abilities (IQ) were measured by using the Wechsler Preschool and Primary Scale of Intelligence 6 for children between the ages of 3 years and 5 years 11 months, and the Wechsler Intelligence Scale for Children 7 for children between the ages of 6 years and 8 years 11 months. Language development was assessed by the Preschool Language Scale 8 for children between the ages of 3 years and 5 years 11 months, and the Clinical Evaluation of Language Fundamentals 9 for children between the ages of 6 years and 8 years 11 months. Children's motor development was measured by using the BeeryBuktenica Developmental Test of Visual-Motor Integration. 10 Manipulative dexterity and visual-motor coordination were measured by using the Grooved Pegboard Test. 11 Children's behavioral functioning was measured by using the Child Behavior Checklist, 12,13 Conner's Rating Scale-Revised, 14 and Behavioral Style Questionnaire, 15 which are questionnaires that were completed by the mother. Maternal cognitive functioning was measured by using the Wechsler Abbreviated Scale of Intelligence. 16 Each of these tests has been well standardized, is widely used in clinical and research settings, and has good reliability and validity. All subsets of the mentioned tests were used.
DATA ANALYSIS
The sample size was sufficient to detect a medium effect size (ie, 7-8 points of IQ difference) between the groups with a power of 80% and ␣=.05. A preliminary analysis comparing the groups on potential confounders was conducted. Multiple linear regression analysis was used to evaluate neurodevelopmental outcome scores in relation to solvent exposure, controlling for important potential confounders. The role of behavioral problems as a confounder or an outcome in the causal pathway between solvent exposure and neurodevelopmental outcome was also explored.
RESULTS
Thirty-two exposed mother-child pairs and 32 matched control pairs were recruited for the study. Table 1 presents sample inclusion and exclusion details, including loss to follow-up because of refusal, brief chemical exposure, fetal loss, failure to come to testing, and other reasons.
The exposed group of 32 mothers did not differ from their controls in family demographics and maternal characteristics, including gravidity, parity, and vitamin use. Table 2 lists the occupations of the study and control women. Fifty-four of the women (85%) were white. Maternal verbal IQ tended to be lower among women exposed to organic solvents (104 [95% confidence interval {CI}, 99-109] vs 110 [95% CI, 113-117]). The children in the 2 groups did not differ in birth weight, gestational age, or age at attaining developmental milestones ( Table 3) . None had major malformations or experienced neurological deficits. The 2 groups had similar length of breastfeeding. Mothers in the exposed group reported being exposed to 78 organic solvents ( Table 4) between 1 and 40 hours per week (mean ± SD, 24 ± 15 hours) and between 8 and 40 weeks (mean±SD, 32±10 weeks) during their pregnancy. All were exposed dur-ing most of the first trimester of pregnancy. The exposed mothers reported a high level of protective equipment use.
The primary outcome measures were IQ and language scores for the 2 groups. The verbal IQ scores were significantly lower in the exposed group than in the con- In multiple regression analyses, achievements in cognitive subscales, language, motor, and behavioral scores served as dependent variables, while maternal education, maternal full-scale IQ, exposure status, and behavioral scores (Child Behavior Checklist) were the independent variables ( Table 5 ). The analyses of digit span (which measures processing speed and memory), information, vocabulary, and recalling sentences scores, as well as scores on the grooved pegboard (which measures dexterity and visual-motor coordination) and Conner's hyperactivity/ impulsivity revealed that exposure to organic solvents was the only factor accounting for the variance in these scores. For measures of visual-motor coordination, behavioral scores also contributed to the variance.
A second series of multiple regression analyses was conducted to clarify whether child behavior could have affected the following dependent variables: child IQ, language, motor functioning, and behavioral functioning. Specifically, the independent variables were maternal IQ matched to the child's type of IQ being measured (ie, maternal full-scale IQ with child's full-scale IQ) and to the Child Behavior Checklist score when the dependent variable was not the Child Behavior Checklist score (in which case the child's full-scale IQ was used as an independent variable) ( Table 6 ). The results corroborated the previous model, showing that exposure to organic solvents was the only independent variable adversely affecting motor functioning, behavior, attention, and hyperactivity. Maternal IQ accounted for the global variance of the child's IQ and language. Within the exposed group, there was no relationship between the length of gestational exposure to organic solvent, the total hours of exposure in pregnancy, and any of the neurodevelopmental test scores.
COMMENT
The results of this study suggest some adverse fetal effects of occupational exposure to organic solvents dur- ing pregnancy as measured by neurocognitive, behavioral, and motor coordination measures. Exposed children performed at a lower level than control children in subtests that measure short-term auditory memory, general verbal information, and attention. Furthermore, children who were exposed to organic solvents in utero showed reduced ability in recalling sentences, even when their global scores were within the normal range. Maternal IQ appears to be a critical factor only when considering global cognitive functioning and language. The results of this study are consistent with animal toxicity data 5 and recent findings with young children 17, 18 suggesting differences between exposed and unexposed offspring in language and graphomotor functioning, visual acuity, and color vision. Earlier work with children 5 demonstrated no significant differences in global measures of neurocognitive functioning, which is consistent with our global findings. However, these authors did not examine specific subtests for more subtle cognitive and language differences, motor activity, or behavior. These results suggest that there may be a characteristic pattern of adverse effects associated with organic solvent exposure in the cognitive and language domains, within areas of recall, attention, and language.
Moreover, our results suggest that there may be differences in motor and behavioral functioning as well. Children exposed to organic solvents during pregnancy displayed inferior manipulative dexterity and complex visual-motor coordination and greater inattention and hyperactivity. Therefore, exposure to organic solvents appears to be the critical variable for more subtle differences in verbal IQ, visual-motor coordination, and behaviors characterized by inattention and hyperactivity. Each of these areas, combined or on its own, may pose challenges to these children academically and socially. In addition, if children are not successful in facing these challenges during their early school years, they may risk not achieving their full potential at school, limiting their career choices in later life.
Strengths of this study include an ability to identify pregnant women exposed to toxicants in pregnancy, as well as to collect other relevant important information such as maternal IQ, health status, and socioeconomic level. 19 Our sample size was sufficiently large to detect a medium effect size in IQ (ie, 7-8 points). The important confounding effect of maternal IQ in other studies that address the effect of in utero toxicant exposure on neurodevelopment and child cognitive and behavioral function was observed and controlled for in our data.
A potential pitfall of all epidemiological studies dealing with the reproductive risks of organic solvent exposure is the multitude of chemicals used simultaneously by some of these women (eg, laboratory technicians). Yet, there are physicochemical and toxicological similarities that make lumping of these compounds biologically plausible. In our series, women were exposed to numerous compounds (Table 4) , and larger studies will be needed to sort out which specific chemicals pose a risk to pregnant women and their fetus. Methodologi- *Data are given as mean ± SD unless otherwise indicated. †Female, 1; male, 2. ‡Completed up to elementary school, 1; high school, 2; some college, 3; university degree, 4; and graduate school, 5.
§Annual family income $10 000 to $30 000, 1; greater than $30 000 to $50 000, 2; and greater than $50 000, 3. cally, this situation may resemble the reproductive risks of environmental tobacco smoke, in which women are exposed to 1400 different toxins and the specific culprits have not yet been elucidated. However, with environmental tobacco smoke, these toxins are different chemically and toxicologically. The lack of a dose-response curve in our study may reflect a small sample, as the study was not powered on this aspect. Our study is also underpowered to elucidate effects during critical windows of development of the central nervous system. Our study subjects did not differ from their controls in occupational or domestic exposure to lead and mercury, which are potential confounders for central nervous system development. 15 Although we did not track indexes of anemia in these children, they were appropriate for their ages nutritionally and physically. Our sample included women who were motivated to call a free teratogen information service. They reported a high level of protective equipment use. Their exposure and use of protective equipment may be greater or less than those of other solvent-exposed women. Nevertheless, in these women we observed subtle effects on neurocognitive and behavioral outcomes that would support minimizing maternal (and thus fetal) exposure to solvents during pregnancy until more definitive risk assessment is possible. Strategies include appropriate protective gear, ventilation, and consideration of changed work duties or location.
Further evaluation of the potential neurodevelopmental toxicity of solvent exposure is merited. Studies designed to clarify exposure effects in regard to specific solvents, dose levels, and timing of exposure will be most valuable. 
